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Introduction

The objective of the Dynamic Pasture Resource Development (DPRD) model is to provide a
framework that is capable of simulating a dynamic pasture resource under stochastic climatic
conditions. The methods applied and developed for the DPRD model simulate changes in botanical
composition in response to stochastic pasture growth and its utilisation by grazing livestock. Within a
Monte Carlo simulation framework this enables the investigation of the economics and risks
associated with pasture improvement technologies, supplementary feeding and stocking rate policies.

The DPRD simulation model operates at the paddock level on a daily time step and contains 5 sub-
models accounting for soil fertility, pasture growth, botanical composition, sheep meat and wool
production, and economic performance. The method applied in the DPRD model incorporates two

stages to modelling the change in pasture biomass within a season and between seasons. Figure 1 in
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Behrendt et al. (2012b) illustrates a conceptual outline of the DPRD model at the paddock level and
Table 1 here presents the major components of each of the sub-models.

In a single production year, four representative seasons have been identified that relate to tactical
and strategic decision points within a grazing system, the biophysical characteristics of plant growth,
and botanical composition change within the pastures. Within each season, pasture growth and
consumption by grazing livestock operate on a daily time step. Between seasons, the relative areas
occupied by desirable and undesirable species groups within the whole sward are modelled using
exploited population growth modelling (Clark 1990). This descriptive simulation framework is used
to investigate the expected production outcomes, economic performance and risks associated with
fertiliser application and stocking rate policies over a 10 year planning horizon.

The DPRD model is parameterised using experimental simulation output from a complex
mechanistic grazing systems model, AusFarm (CSIRO 2007). Such complex biophysical models that
attempt to model biological systems as closely as possible, are not well suited to economic
optimisation models (Cacho 1998), because of the time required to solve each simulation run. Hence
there is a need to achieve a balance between complexity in the biophysical model and adequacy of
information for improved decision making. Achieving this compromise was the primary reason for
developing the DPRD model and its parameterisation with AusFarm. The AusFarm program was

calibrated to field experimental data from the Cicerone Project’s farming systems experiment.

Table 1: Major components of the sub-models

Sub-Model Major Components

Soil Fertility Soil P, fertility gain through fertiliser application, fertility lost through

consumption and fixation

Pasture Pasture mass, growth, quality and consumption
Pasture Pasture composition, intrinsic rate of population growth, impact of
Composition harvesting by livestock, and pasture establishment

Livestock Selective grazing of sward between species groups, pasture and
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supplementary feed consumption, wool growth and quality, net balance of
liveweight gain or loss
Economic Seasonal value of production, seasonal costs of production including

supplementary feeding and pasture sowing costs

Case Study: The Cicerone Project farmlet experiment

The Cicerone Project’s farmlet experiment was set up to investigate the sustainability and
profitability of three farm management systems on the Northern Tablelands of New South Wales
(Scott et al. 2012; Sutherland et al. 2012). The experiment consisted of three farmlets, each of 53
hectares, which was conducted over the period July 2000 to December 2006. Farmlet A represented a
higher input, flexible grazing system; Farmlet B represented a moderate input system with flexible
grazing (described as typical district practice); and Farmlet C represented an intensive rotational
grazing system with the same moderate inputs as the typical practice farmlet (B). Results from the
experiment indicated that botanical composition in all of the farmlets changed in response to the level
of system inputs and the imposed management (Shakhane et al. 2012).

The data available from the Cicerone Project farmlets, which included biophysical, managerial and
economic data, provided a sound basis for the calibration of the AusFarm and DPRD models. The
initial state of pasture and soil resources reported at the start of the Cicerone Project experiment
formed the basis for the case study application of the bioeconomic framework in the high rainfall
temperate pasture zone. Table 2 gives the estimated and reported values for parameters and constants

introduced in each of the sub-models detailed.

Table 2: DPRD model parameters and constants

Parameter Units Value Description

p 0.0494  Real Discount Rate calculated from inflation & nominal
interest rate data plus margin (1.5%), over 1976 to 2006
(ABARE 2006)

Pop 0.45 Sheep carcass:liveweight ratio



Psk

SCOST

VvC

PCOST

pPc

Kc

ASC

He

OF
PBI

Pr

CF

IF

HF

$/wet tonne

$/ha
$/hd/annum

$/ha/annum

mg/kg colwell
shift per kg P
applied/ha
mg/kg
Colwell

Kg P/kg clean
wool

Kg P/kg

liveweight

208.60

250

15.68

20

variable

0.95

variable

2.5

-0.09508

76

0.089

0.4313

3.0

0.00026

0.006

Cost of Supplements, mean feed wheat price 1997 to 2007
(ABARE 2007)

Pasture sowing costs (Scott 2006)

Variable costs (Scott 2006)

Pasture & paddock maintenance costs

Intrinsic rate of desirable population growth (AusFarm
simulation, Hutchinson (pers. comm.) Scott (pers. comm.))
Maximum population size of desirable species (proportion
of paddock occupied)

Seasonal livestock grazing impact co-efficient on
desirable population (Cicerone Project & AusFarm
simulation, Boschma and Scott (2000))

Maximum utilisation constraint (AusFarm simulation,
Scott (pers. comm.), Scott et al. (2000))

Derived from Gourley et al. (2007)

Average PBI for all Farmlets (Cicerone Database)
Proportion of phosphorus in single superphosphate
(Glendinning 2000)

Derived from Burkitt et al. (2001)

Minimum slow release phosphorus from non-expendable
pools (Jones et al. 2006; McCaskill and Cayley 2000)

Phosphorus content of wool (Glendinning 2000)

Phosphorus content of liveweight (Glendinning 2000)
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O Kg P/kg dung 0.007  Phosphorus content of dung (Helyar and Price 1999)
OF KgPin 0.01 Proportion of phosphorus in urine (Helyar and Price 1999)

urine/kg total

P excreted
OF KgP 0.00685  Phosphorus lost in DM production (Helyar and Price
1999)
PE g/mm 1.5 Phosphorus content of rainfall (Helyar and Price 1999)
AR mm/year 850 Average annual rainfall (Armidale NSW)
EF 0.83 Proportion of phosphorus in Colwell extract (Colwell
1963)
OF g/em’ 1.5 Soil Bulk Density (top 10cm)
Os kg DM/kg 0.0115  Derived from Freer et al. (2007)
liveweight

Economic Returns
In the DPRD simulation model, the economic sub-model assumes that a producer operating a
wether enterprise aims to maximise the present value (PV) of the flow of seasonal gross margins over

the planning horizon.

PV :i(AZS:GMSJJt (1)

where PV is the discounted present value of annual gross margins, T is the planning horizon in
years, t is an index for year, A is the size of the paddock in hectares, S is the number of seasons in a
year, S is an index for season, GM s the paddock's seasonal gross margin per hectare, and J is the

discount factor;

1
v @

where p is the real discount rate.
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Seasonal returns

In calculating seasonal gross margins per hectare for a single paddock, the complexity of
modelling flock structure and dynamics cannot be adequately incorporated due to the process of
enterprise operation and livestock movements not being representative of a closed system within the
paddock. Thus a simplified gross margin approach is used to define the seasonal value of production
and its cost.

This approach assumes animals that enter the paddock operate in a steady state with no changes in
their capital value from the start to the end of the season. However the method applied does allow for
net liveweight change over a season. This enables the complex issue of flock structure and the
particular types of animals that are used to harvest the pasture to be separated from the issue of
optimising the quantities of pasture to be harvested.

A single paddock’s seasonal gross margin per hectare, GMs is calculated at the end of each season

(s) as follows:

GM, = SR(W,NC +M e —VC)— PCOST —SF,P,. — FCOST —SCOST 3)

where s is the index for season comprising a variable number of days, SR is the stocking rate
decision variable (hd/ha), W)yc is the total value of wool produced in the season, My is the total
value of sheep meat grown in the season. The variable costs associated with each season are
represented by VC and PCOST which are the pro-rated variable costs and pasture costs dependent
upon the length of the season (VC; or PCOST; -D4/365), the total quantity of supplements fed SF;, and
the cost of supplementary feed Psg, the cost of any fertiliser applied FCOST, and any costs of sowing
a new pasture in a season SCOST ($/ha).

The total value of wool grown in any season, Wyc, is a function of the quantity of wool grown and

its market value.

DS
WINC = PWOO|Z DWd (4)
d=l
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where Py, is the market value or price of the wool produced ($/kg clean) which is a function of
mean weighted fibre diameter, FDs, of the wool produced in that season, and DWy which is the
amount of wool grown in each day (d) over the length of the season in days (Ds).

The total value of liveweight change in any season, My, is calculated from the net balance of

liveweight gain over the season and its market value.

M INC = PmeatﬁDPWTs (5)

where Ppeq is the price of the sheep meat produced ($/kg carcass weight), WT; is the net balance of
liveweight gain or loss over a season (kg/hd), and fpp is the dressing percentage for sheep.
The total quantity of supplements fed in a season (kg/ha) is the conversion of the sum of daily

amounts fed in dry matter to wet tonnes.

D
SRY_SDM,
SF,=—d1 (6)
s

where SDMjy is the daily amount of supplement dry matter offered to grazing animals (kg
DM/hd/d), SR is the stocking rate, and as is the dry matter to wet weight ratio for the supplement.

The cost of fertiliser applied per season is calculated from the amount of fertiliser applied. The
impact of any fertiliser applied on residual soil fertility and promoting additional pasture growth, is

assumed to occur in the season of application before accounting for maintenance phosphorus

requirements.

FCOST, = FERT 0, 7)

where FERT; is the amount of fertiliser applied in a season (kg of SS/ha), and s is the cost per
kilogram of fertiliser.
Incorporation of risk

Risk was incorporated into the model by representing climatic variability using Monte Carlo
simulations. The method is based on using stochastic multipliers in pasture equations as explained in
the following sections. The 10-year Monte Carlo simulations of the DPRD model reported in

Behrendt et al. (2012b) are used to derive risk-efficient frontiers (Cacho et al. 1999).
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Botanical composition of the pasture resource

In mechanistic pasture or crop models, botanical composition is generally modelled on the
assumption of competitive interference for resources such as water, light and occasionally nutrients.
But this method does not cope well with simulating more than two competing pasture species.
Furthermore, there is the underlying assumption in some models that species persist indefinitely and
homogeneously occupy space within the sward. Rather than modelling explicitly how plants interact,
the response of plants to changes in their environment can be represented by the net ability of a group
of plants to capture resources and compete (Kemp and King 2001).

The empirical pasture composition sub-model within the DPRD model adapts the ‘partial
paddocks’ method proposed by Loewer (1998). In Loewer’s GRAZE model it is assumed that each
species is uniformly distributed throughout a paddock and that the initial area they occupy remains
fixed. However, the dry matter availability of each species is varied through selective grazing and
independent species growth. In the DPRD model the space occupied by species is assumed to be
variable and respond to climate, management and inputs.

The total area of pasture is comprised of two components, Desirable species and Undesirable
species so that Xp + Xy = 1.0, where Xp, is the proportion of desirable species and Xy is the proportion
of undesirable species within the pasture sward. This is a spatial measure of sward composition
similar to basal measurement common in agronomic experiments (Whalley and Hardy 2000), with the
empirical modelling approach adopted similar to the methods used for basal area adjustments applied
in some rangeland models (Stafford Smith et al. 1995).

The population of desirable species in the sward is modelled by using differential equations
describing population growth and the impact of harvesting. These represent the pasture resource as an
exploitable renewable resource as described by Clark (1990). In this application to the renewable

resource of desirable species, the equations are in the form:

o _F(x,)-h(s) ®)
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where Xp=Xp(S) denotes the proportional area occupied by desirable species within a sward, F(Xp)
represents the rate of growth in the area of desirable species, and h(s) is the impact of harvest or
grazing on the area occupied by desirable species in season S.

The rate of growth in the area of desirable species under limited spatial and environmental

resources is described using a logistic growth model:

Xb
F(XD)_/OCXDLI_ FEJFE )

Ke

where pc is the intrinsic rate of growth in the area occupied by desirables species, and «c is the
environmental carrying capacity, or the maximum area of the paddock that the desirable species may
occupy within a sward. The introduction here of a soil fertility effect (FE), affects both the rate of
growth in the population and the potential size of the population (Cook et al. 1978; Dowling et al.
1996; Hill et al. 2005).

The parameter pc is subject to 0 < pc < 1.0, and is variable as it relates to climate and season. This
parameter is varied depending on the type of year and the season in which the shift in botanical
composition is being modelled. Higher pc values are expected in favourable years where climatic
conditions favour vegetative growth and reproduction of desirable species and lower pc values are
expected under poorer climatic conditions.

To enable the application of this method on a seasonal basis, the values of p¢ for a particular year
type have been made in proportion to the potential for vegetative growth and reproduction in a season.
Values for pc were estimated from the simulation and analysis of field experimental data.

The effect of any livestock grazing on sward structure, h(s), is estimated using the predicted
utilisation by grazing livestock of the pasture grown in a season. This takes into account both of the
components that make up grazing pressure on the sward, namely stocking rate and grazing time, and

the stochastic growth of the pasture in a season.

h(s)=UX A (10)
where UXp is the utilisation of the desirable pasture grown in a season by grazing livestock, and

Asc 1s the impact coefficient of grazing livestock on the population of desirable species components
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within the sward. The measure UXp is similar in principle to the measure of grazing pressure defined
by Doyle et al. (1994). The parameter Asc is positive and variable as it relates to the time of year in
which the shift in botanical composition is being modelled. The value of the parameter reflects the
sensitivity of botanical composition change to seasonal grazing pressure on species phenology.
Typically the harvesting effect is based on the concept of catch-per-unit-effort where the harvest is
linearly proportional to the size of the population (Clark 1990). This has been modified in this

application of the model due to the way pasture utilisation by grazing livestock is estimated.

D

> PC,,

UX, = max| g, 5—— (11)

D PGy,
d=1

where uc is the maximum utilisation constraint on the impact of grazing livestock on the
population of desirables species, PCp is the quantity of dry matter consumed from only the desirable
components of the sward (kg DM/ha), and PGp, is the quantity of dry matter grown from the desirable
components of the sward (kg DM/ha). As utilisation over a season is calculated based on the
consumption and growth of individuals in the population of desirable species, the need to make h(s) a
function of Xp is removed. Thus h(s) remains constant across all states of botanical composition.

This empirical method encapsulates the concept of state and transition models of rangelands
(Westoby et al. 1989), with the benefit of an indefinite number of pasture states and responses to
climate, grazing and input factors.

Pasture growth

Pasture growth is based on the sigmoidal pasture growth curve of Cacho (1993). Here the
individual growth of pasture biomass (kg DM/ha/d) for desirable and undesirable species is calculated
as follows (excluding U and D subscripts for notational convenience):

Y2 [y -Y7]°
PG=q,—| ——| FE 12
°y [ Y } (12)

max

where o is a growth parameter influenced by the soil fertility effect (FE) and climate under

stochastic simulations, Ymax is the maximum sustainable herbage mass or ceiling yield when an

10



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

equilibrium is reached between new growth and the senescence of old leaves (but excluding the decay
of plant material), y is a dimensionless parameter with a value in the range of 1< yg <2 (Cacho 1993).
The parameters were estimated using simulation output from AusFarm (Moore 2001) which was
calibrated to experimental data from the Cicerone Project farmlets, and are presented in Behrendt et
al. (2012a).

To incorporate stochastic climatic conditions, ag and yg are adjusted seasonally to reflect different
year types using stochastic multipliers. As described in Cacho et al. (1999), the mean seasonal ag and
ys parameters used under deterministic simulations are multiplied by their respective stochastic

multiplier. These stochastic multipliers, SMa and SMy, are defined for season i and year t as follows;

SMa;, ZIL and SMy,, ZIL (13)
n Zt: O n Z Vit

where n is the number of years in the sample from which the parameters are derived. During the
running of a stochastic simulation these stochastic multiplier values are randomly selected in sets of
annual cycles or year types from a uniform distribution. Given that the parameters for each year type
have been derived from years simulated using AusFarm, each year has the same probability of being
selected.
Soil fertility

The soil fertility sub-model is similar in nature to the concept of fertility scalars used in more
complex biophysical models of grazing systems (Moore et al. 1997), but with the index limiting
pasture growth at a daily time step as described in Cacho (1998), as well as affecting both the rate of
growth in the desirable population and its potential population size. This occurs through the inclusion
of FE; in equations (12) and (9) respectively.

The soil fertility effect for a season, FE, is based on the soil phosphorus levels carried over from
the previous season and any increases in soil phosphorus from the application of fertiliser. The

relative yield restriction is estimated using the Mitscherlich equation (Thornley and France 2007).
FE, =1-¢*" (14)

11
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where P is the level of soil phosphorus at the start of a season (mg/kg Colwell (Colwell 1963))
and of is the parameter describing the rate of change in relative yield response to changes in the levels
of soil phosphorus. The parameter ar is an estimated value which solves equation (14) when the
relative yield or fertility effect (FE;) equals 0.95 and P equals Pcr. Pcr is the predicted critical
Colwell phosphorus level (Pcr) at which 95% of maximum relative yield occurs. P is estimated
using the following published function derived from the Better Fertiliser Decisions national database

(Gourley et al. 2007).

P =19.6+1.1PBI "> (15)

where PBI is the Phosphate Buffering Index of a representative soil derived from the Cicerone
Project farmlets database.

Changes to the level of soil phosphorus between seasons are a function of the amount of fertiliser
applied and the grazing systems maintenance fertiliser requirements. The level of soil phosphorus for
the current season S, is calculated after taking into account any applications of fertiliser, whereas the
level of soil phosphorus entering the next season, S+1, is net of the maintenance phosphorus
requirements. This assumes there is an immediate response in pasture growth to any fertiliser applied
in the current season, although the residual phosphorus pool for the following season is reduced due to
maintenance phosphorus requirements over the season. After the application of fertiliser, the

phosphorus level for the current season is calculated as follows:

P = maX[lF P+ 8 (PFERTﬂF )] (16)

where Pq; is the soil phosphorus level at the start of the season (mg/kg Colwell), and Peggr is the
amount of fertiliser applied (kg of single superphosphate applied/ha). Sk is the proportion of
phosphorus available in the fertiliser, {r is a constant that allows for the phosphate buffering capacity
of the soil and the response of soil phosphorus levels to applications of fertiliser derived from Burkitt
et al. (2001), and ¢ is the minimum amount of slow release phosphorus from non-expendable pools
available for plant growth.

The amount of soil phosphorus remaining at the end of the season is calculated net of maintenance

phosphorus requirements, as follows:
12
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P

S+l

= max (zg, P, — Prain) (17)

where Pnain 1s the maintenance fertiliser requirement. The estimation of maintenance fertiliser
requirements is derived from the relationships described in Helyar and Price (1999). Ppain (in mg/kg
soil) is a function of phosphorus losses from the paddock system due to livestock product exports and
removal of soil phosphorus to sheep camps, and the accumulation of non-exchangeable inorganic and

organic phosphorus reserves, and phosphorus gains from non-fertiliser inputs.

P = € (PExp +Poy + Pae — PNF) (18)
OF

where Pg,, 1s the quantity of phosphorus removed through livestock products (kg P/ha), Ppy is the
removal of soil phosphorus to sheep camps, Pacc is the accumulation of non-exchangeable organic
phosphorus, Pyg is the non-fertiliser inputs to soil phosphorus levels, e is the proportion of
exchangeable phosphorus extracted in the Colwell soil test, and or is the bulk density of the top 10cm
of soil (g/cm’). Pexp is calculated from the amount of product, both wool and sheep meat, removed
during the season.

D
P = SR{a}F > DW, + ,uFWTSJ (19)

d=1

where DWj is the daily growth of wool per head, WTs is net liveweight gain or loss per head, with
wr and ur being the proportion of phosphorus in wool and sheep meat. The calculation of the amount
of phosphorus removed through dung and urine to sheep camps, Ppy, is based on an assumed constant

rate of dung and urine removal per grazing animal.

D
6 > 0.1SR
d=1

(o)

where 6 and v are the proportions of phosphorus in dung and urine that are relocated and

Pou = (20)

concentrated into sheep camps. The quantity of phosphorus immobilised in non-exchangeable organic

phosphorus pools is related to pasture production:

D
PACCZZOF((PGUXU +PGDXD)) 1)
d=l1 d

20.5

13
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where o is the proportion of phosphorus accumulated in the largely non-exchangeable organic
phosphorus pool. The non-fertiliser inputs to soil phosphorus, Pyg (kg P/ha/season), are based on the
quantity of phosphorus in average rainfall.

C _PeAR

22
~3.65x10° 22)

where AR is the mean annual rainfall (mm/year), and pr is the amount of phosphorus in rainfall
(g/mm).

Livestock Production

A mechanistic approach is applied in the DPRD livestock sub-model, with much of it based on the
equations used in the GrazPlan suite of models (Donnelly et al. 1997; Freer et al. 2007). This was
required to ensure there were adequate feedback mechanisms between the selective grazing by
livestock and changes in botanical composition.

In this sub-model, grazing sheep are capable of selectively grazing between the desirable and
undesirable partial paddocks and between the digestibility pools of dry matter available to them
within each partial paddock. This selective grazing is based on the assumption that grazing sheep will
aim to maximise their intake based on the dry matter digestibility of plants. Such models, that base
diet selection between species or species groups on the digestibility of the dry matter, have been
validated by research into the influence of pasture degradation on diet selection and livestock
production (Chen et al. 2002). Supplementary feeding is also available as a means of substituting for
the consumption of pasture dry matter.

Supplementary feeding policies

Two feeding decision rules are applied in the Monte Carlo simulation framework (Table 3).

These decision rules are applied each day in the model with the equivalent of a maintenance ration
of cereal grain (wheat) being offered to the grazing animals when applicable. The quantity of
supplements offered to grazing animals, kg DM/animal/day, is calculated using the following

equation.

SDM = 0.85SRWo (23)

14
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where SRW is the standard reference weight of the sheep genotype in condition score 3.0, os is the

quantity of supplement required to maintain 1kg of liveweight of a sheep in condition score 2.0 (Freer

et al. 2007).

Table 3: Supplementary feeding decision rules applied in the DPRD model with the quantity offered

being SDM.

Supplementary feeding rule  Description

If By <0.855RW Represents a minimum condition score of 2.0 at which wethers are capable of

survival and production, and have a reduced likelihood of producing tender wool

(Bell and Alcock 2007; Morley 1994). This base feeding rule is applied

concurrently with the following pasture mass driven feeding rule.

6
If ) GTotal,, <100
dp=l DPRD model.

Minimal supplementation to maintain the existence of a pasture sward in the
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